Flow induced vibration in primary cooling system of the Japan Sodium cooled Fast Reactor (JSFR) has been investigated. The primary cooling system consists of a large diameter pipe and a pipe elbow with short curvature radius corresponding to its diameter (short-elbow). Flow-induced vibration by flow through the short-elbow is an important issue in design study of the JSFR, because it may affect to structural integrity of the piping. In this paper, numerical simulations for several pipe elbows with different pipe diameters and curvature radii in literature were conducted at Reynolds number conditions from Re=500 to 1.47x10 7 to investigate unsteady flow behavior through the short-elbow, including validation study of an in-house LES code (MUGTHES). Numerical results in each condition were compared with the experimental results in literature. Unsteady flow characteristics and pressure fluctuation generation mechanism in the short-elbow were clarified in relation to the large-scale eddy motion.
Introduction
A conceptual design study of an advanced sodium-cooled fast reactor named as the JSFR (Japan Sodium cooled Fast Rector) has been conducted (1) . Figure 1 shows schematic view of the primary cooling system of the JSFR. Two-loop concept is adopted in the primary cooling system in order to reduce plant construction cost with compact layout. Each loop has one hot-leg piping and two ways of cold-leg piping. The hot-leg piping connects the reactor vessel and the IHX (Intermediate Heat eXchanger) integrated with the primary pump. In the hot-leg piping, the pipe diameter is 1.2 m and the mean velocity is 9.2 m/s in a reference design (1) . Reynolds number in the hot-leg piping, therefore, reaches at 4x10 7 . The hot-leg piping consists of approximately 6D long vertical straight pipe with bellmouth configured inlet, pipe elbow with short curvature radius (Rc) corresponding to its pipe diameter (D) (hereinafter, such an elbow of Rc/D=1 is called as the short-elbow) and approximately 4D long horizontal straight pipe in downstream of the elbow. Since axial flow in the upstream vertical pipe turns quickly to horizontal flow through the short-elbow, it can be easily conjectured that flow through the short-elbow may be different from those through a pipe elbow with long curvature radius (hereinafter, called as the long-elbow) and that flow instability may induce in the hot-leg piping. In order to study unsteady flow characteristics through the short-elbow at high Reynolds number condition, several water experiments (2)- (5) and numerical investigations (6) - (10) have been conducted. In the experiments (2) , significant pressure fluctuation with dominant frequency at approximately 0.5 in Strouhal number was observed on the pipe wall.
In this paper, numerical simulations for existing experiments of pipe elbow with different curvature radii, pipe diameters and Reynolds number conditions in 500<Re<1.47x10 7 were performed to investigate the unsteady flow behavior in the short-elbow pipe and to clarify the pressure fluctuation generation mechanism which could cause significant mechanical vibration on the JSFR hot-leg piping. Before the simulations, existing studies for the pipe elbow flow in literature were surveyed. Representative experimental conditions from the surveyed studies were employed as boundary conditions in the simulations. An in-house numerical simulation code of MUGTHES (23, 24) was used in this study. Numerical results at a laminar flow condition and at turbulent flow conditions were compared with experimental results in axial velocity and pressure profiles. The power spectral density (PSD) of the pressure fluctuation in downstream of the elbow as a numerical result was compared with that of the experimental result. Through the numerical simulations, flow characteristics in the shortelbow pipe were specified and the relation between characteristic unsteady threedimensional flow structures and significant pressure fluctuation generation was discussed. Modification coefficient (=ζ' / ζ) (β 1 is for 1/3-scaled and β 2 is for 1/10-scaled water experiments) λ Friction factor of pipe 
Nomenclature

Existing Studies for Pipe Elbow Flow
A pipe elbow is usually used as one of the most important components in transportation piping system of an industrial plant. A number of studies for the flow in curved pipes and bends were well summarized, for example, by S.A. Berger et al. (11) . Most of early investigations were on the flow through a curved pipe with relatively large curvature radius focusing on the secondary flow pattern characterized by counter rotating flows on transversal cross section (12, 13) and also the pressure loss in the pipe elbows (14, 15) .
A few investigations on pipe elbow flow in a short curvature radius (Rc/D<3) were found in literature (17) - (22) and they were listed in Table 1 including recent experiments for the JSFR hot-leg piping investigation (2)- (5) . As a notable study, Frried and Idelchik (16) proposed a useful classification on the trend of the total resistance (pressure loss) coefficient for the curved duct with a short curvature radius into three regimes as function of Reynolds number. When the Reynolds number (Re) was over 2x10 5 , this region was called as the post-critical regime and the pressure loss coefficient kept almost constant. The region in Re<10 5 was called as the sub-critical regime and the pressure loss coefficient showed a large value. The region between Re=10 5 and Re=2x10 5 was called as the transition regime in which the pressure loss coefficient decreased sharply as increasing of Reynolds number. In the sub-critical regime, axial velocity profiles in the long-elbow piping were measured by P. H. M. Bovendeerd et al. (17) , Enayat et al. (18) and Sudo et al (19) . Kawamura, et al. (20) and Yuki, et al. (21) measured axial velocity profiles of water flow in several elbows with relatively small curvature at turbulent flow conditions from the transition regime to the beginning of post-critical regime. Coffield et al. (22) measured the total pressure loss coefficients in the smooth surface finished pipe elbow of Rc/D=1.2 in the post-critical regime of 2x10 5 <Re<4x10 7 . Useful information related to the short-elbow flow at very high Reynolds number conditions (Re>5x10 5 ) in the post-critical regime could be obtained by (5) and Yuki, et al. (33) 3.2x10 5 ~ 1x10 6 1 0.127 Water the several experiments (2)-(5), (32), (33) and the Coffield's measurement (22) . Shiraishi et al. (2) measured pressure loss coefficient of the test section and axial velocity profiles of water flow in the post critical regime of 3.2x10 5 <Re<8.0x10 6 by using the Laser Doppler Velocimetry (LDV) technique. The test section was fabricated as 1/3-scaled model of the JSFR hot-leg piping as shown in Fig.1 (b) and diameter of the test section was of 0.41 m. The maximum mean velocity in the experiment was 9.2 m/s which corresponded to that in the operation condition of the JSFR. Iwamoto et al., (3, 32) also measured the pressure loss coefficient in 2x10 4 <Re<3.2x10 5 and the axial velocity profiles of water flow with the LDV. The short-elbow pipe test section with diameter of 0.125 m was fabricated as 1/10-scaled model of the JSFR hot-leg piping. Ono, et al., (4) measured velocity field by the Particle Image Velocimetry (PIV) technique at Re<5.4x10 5 in the elbows of Rc/D=1 and 1.5. The test section was as 1/8-scaled model of the JSFR hot-leg piping and pipe diameter was 0.15 m. Yuki et al., (33) and Ebara et al., (5) have also been conducted water experiment using a test section with a short-elbow pipe.
Numerical Simulations of Unsteady Pipe Elbow Flow
Numerical Conditions
A numerical simulation code named as MUGTHES (23, 24) to analyze unsteady thermalhydraulic phenomena in the fast breeder reactors was used in this study. MUGTHES employs the large eddy simulation (LES) approach in boundary fitted coordinate system to simulate unsteady thermal-hydraulic phenomena in the reactor. The governing equations are discretized with the finite volume approach (25) and finite differential scheme in collocated grid system. In the LES approach of the MUGTHES, the sub-grid scale turbulent viscosity is evaluated with standard Smagorinsky model (26) and artificial wall conditions derived by a wall function law is utilized (24) . The Crank-Nicolson method is used for time integration and the Projection method (27) is used to solve velocity field. The second order central differential scheme is used for all terms in governing equations. In this study, the Smagorinsky model constants of Cs=0.1 for low Reynolds number conditions (Re<1x10 5 ) and Cs=0.14 for high Reynolds number conditions (Re>1x10 5 ) were empirically selected.
Mesh Arrangements
Applicable mesh arrangement for the pipe elbow flow was already investigated in the 
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Vol. 6, No. 2, 2012 previously study (10) . Figures 2 (a) and (b) respectively show mesh arrangements for different curvature ratios of Rc/D=1 and 2 at laminar and relatively low Re number turbulent flow conditions (Re<5x10 5 ) based on the 1/10-scaled water experiment (D=0.125 m). The mesh arrangement in Fig. 2 (a) had 3.875x10 5 cells with 20 layers in the upstream pipe, 95 layers in 5.6D long downstream pipe from the elbow outlet and 40 layers in the elbow. The mesh arrangement in Fig. 2 (b) had 4.0x10 5 cells with 20 layers in the upstream pipe, 100 layers for 5.6D long downstream pipe from the elbow outlet and 45 layers in the elbow. In the both meshes, 2,500 (=50x50) cells were commonly distributed on each crosssection and the minimum cell size on the wall was 0.004D in radial direction. The other mesh arrangement for the long-elbow pipe of Rc/D=3 was also employed in Sec. 3.3, though it was not shown in Fig. 2 . For the Rc/D=3 piping, the mesh arrangement in up-and downstream pipes was the same with that of the Rc/D=2 elbow as shown in Fig. 2 (b) and the layer thickness in the elbow was 1.5 times longer than that of the Rc/D=2 elbow as the curvature radius length. Figure 2 (c) shows a mesh arrangement for the 1/3-scaled water experiment. Total cell number was 3.75x10 5 with 30 layers in 2.4D long upstream pipe, 80 layers in approximately 5.2D long downstream pipe from the elbow outlet and 40 layers in the short-elbow. 2,500 (=50x50) cells were distributed on a cross-section and the minimum cell size on the wall was 1.35 mm (=0.0033D) in radial direction.
Fundamental Flow Characteristics in Different Curvature Radius at Laminar Flow Conditions
Before the investigation of short-elbow flow at very high Reynolds number condition in the post-critical regime (16) , simulations at a laminar flow condition at Re=500 in different curvature radii from Rc/D=1 to 3 were performed in order to validate numerical schemes of MUGTHES with boundary fitted coordinate system and to know fundamental characteristics of the short-elbow flow in comparisons with those in the long-elbows because it wasn't much revealed as mentioned in Chap. 2. Experimental results at Re=700 (17) 
V a corresponds to v in θ <0 o and w in θ >90 o , respectively.
In Figs. 3 (a), (b) and (c), numerical results of Rc/D=3 showed good agreement with the experimental results. At the elbow inlet as shown in Fig. 3 (a), the maximum velocity position was slightly moved from pipe center axis to inner wall side in all elbows because of the high pressure distribution on the outside in the elbow as shown in Fig. 4 (a). In upstream part of the elbow as shown in Fig. 3 (b), the axial velocity profile was much affected by the curvature radius and the maximum axial velocity position was relocated at outer wall side region due to the inertia of the axial flow. In downstream part of the elbow as shown in Fig. 3 (c), the maximum axial velocity were located at the almost same position on outer wall side in each elbow though the axial velocity profiles in inner region were slightly affected by the curvature ratio. Axial flow in Rc/D=1 much decelerated from the middle part as in Fig. 3 
elbow was higher than those in the long-elbows (ii) because the mainstream impinged on the outer wall in the short-elbow while it easily flowed along the outer wall in the longelbows. In the short-elbow, flow separation with reverse flow region occurred in upstream part of the elbow where the adverse pressure gradient along the flow direction showed the maximum value (iii). Pressure in the elbow gradually decreased along the flow direction after the maximum pressure was shown (iv). At the elbow outlet, steep favorable pressure gradient was shown and so the axial flow accelerated locally (v). On the inner wall side of the elbow, the pressure profile in the short-elbow was quite different from those in the longelbows. In the long-elbows, the favorable axial velocity preserved and flow separation did not occur because favorable pressure gradient was kept along the flow direction. On the contrary, axial flow was rapidly increased by the favorable steep pressure gradient in the short-elbow (vi). After the maximum velocity appeared (vii), axial flow was decreased by the adverse pressure gradient (viii) from middle part to downstream part of the short-elbow. The flow separation, therefore, occurred due to the axial flow deceleration (28) in the downstream of the elbow (ix). As for the secondary flow well-known as Dean vortex (12) , it was necessarily induced due to the pressure difference between outer and inner regions in the short-elbow as shown in Fig. 5 (a) and also in the long-elbow Fig. 5 (b). And it induced radial flow from the inner wall to the pipe center.
Transition from Sub-Critical Regime to Post-Critical Regime
Numerical simulations at turbulent flow conditions in relatively low Reynolds numbers listed in Table 2 were conducted to investigate the dependency of the pipe elbow flow on the curvature ratio and the inlet velocity profile in the sub-critical and the early post-critical regimes. The mesh in Fig. 2(a) was used for the short-elbow cases of S1, S2 and S2a and the mesh in Fig. 2(b) was for the long-elbow cases of L1 and L2. As for the inlet boundary conditions, axial velocity profile by using a power law of n=1/6.5 was for S1 and L1 and n=1/9 was for S2 and L2 to simulate developed flow condition in the experimental condition. And fixed flat axial velocity profile was assumed in S2a to investigate influence of the inlet velocity profile. Transient calculations with time interval of Δt=0.1 ms in the sub-critical regime cases of S1 and L1, and of Δt=0.05 ms in the post-critical regime cases of S2 and S2a were respectively conducted for 1.5x10 5 steps from an initial state. After reaching quasi-developed flow state, statistical analyses were done by using last 5,000 data at sampling interval of 10Δt in each case. went in narrow region near the outer wall at the laminar condition as in Fig. 3(d (20) and the results of S1c and L1c were respectively of Rc/D=1 and 2 at Re=4.84x10 4 (21) . Figs. 7(a-1) and (a-2), axial flow went through the inner wall side region at near the elbow inlet due to the high pressure on the outer wall side (see Fig.10 ). In the short-elbow as in Fig. 7(a-1) , axial flow accelerated in the inner wall side region in upstream part of the elbow and flow separation occurred in downstream part of the elbow. In the long-elbow as in Fig. 7(a-2) , the axial flow slightly accelerated in upstream part of the elbow and the axial flow was preserved along mainstream direction. In both elbows in Fig. 7(b-1) and (b-2), secondary flow consisting of oncoming circumferential streams along the wall surface appeared on the transversal crosssection and radial flow from the inner wall to the pipe center was formed. The secondary flow pattern was not symmetrical and it was deformed at instantaneous pictures as shown in Figs. 8(a-1) , (a-2) and (a-3), numerical results in each case were not far from the experimental results. The numerical results in 0D at the elbow outlet as in Fig. 8(a-1) and 1D downstream from the elbow as in Fig. 8(a-3) almost agreed with the experimental results. In 0.55D downstream from the elbow as in Fig. 8(a-2) , the numerical results followed trend of the experimental results. As for the fluctuation intensity as shown in Figs each case though the numerical results were inclined to underestimate the fluctuation intensity in the inner wall side region. Small fluctuation intensity in the inner region was caused by the symmetric secondary flow pattern reproduced in S2 and L2 in 0.5D downstream of the elbow (see Figs. 9(b-1) and (b-3)). On the contrary, the unsteady circumferential flow could successfully be reproduced in S2a as shown in Fig. 9 (b-2) and so the numerical result agreed with the experimental result as shown in Fig. 8(b-2) . In S2a with recirculation flow due to flow separation in the elbow, unstable flow caused in the elbow reached at reattachment point and flow instability in the flow went back to the separation point by the recirculation flow. So the unsteady flow motion may be continuously produced owing to the flow instability as a trigger. Such instability can be served as turbulence fluctuation at inlet boundary. But, the providing method of adequate fluctuation which can consider scales of eddy and spatial distribution in a target system (experiment) is under development in the MUGTHES. (3) L2. Due to the high pressure region widely distributed on the outer wall side region, axial flow was pushed away from the outer region and main stream could exist on the inner side in center part of the elbow (see Fig. 7 (a) and Fig. 9 (a)) In S2a with undeveloped inlet flow profile, flow separation occurred in downstream of the elbow as shown in Fig. 9(a-2) . On the transversal cross section, symmetric secondary flow could be formed in each elbow case in S2 as in Fig. 9 (b-1) and L2 as in Fig. 9(b-3) and unsteady swing motion observed in S1 and L1 as shown in Fig. 7(b-1) and (b-2) could not be reproduced by the simulation. Therefore, small fluctuation intensity was induced in S2 and L2 as shown in Figs. 8(a-2) and (b-2) comparing with the experimental results. The radial flow from inner wall to center part was induced by collision of on-coming circumferential streams as shown in Fig. 9 (b-1) and Fig. 9(b-3) . The radial flow enhanced by the symmetric secondary flow could push up the mainstream from the inner wall side region so that the numerical results in time averaged field were at upper positions from the experimental results. Thus, reproduction of the unsteady secondary flow was essentially important for accurate prediction of the pipe elbow flow in the simulation. walls along center axis of elbow pipe at Re=5x10 5 . In the outside region, adverse pressure gradient decreased the axial velocity. When boundary layer was developed in the upstream straight pipe as in the S2 short-elbow case with developed flow inlet condition, flow separation could locally occur in the outside region in upstream part of the elbow as shown in Fig. 10 (b) . In downstream of the elbow, the axial flow locally accelerated due to the steep favorable pressure gradient in the outside region. In the inner region, the favorable pressure gradient increased the axial flow velocity. The maximum velocity in the shortelbows of S2 and S2a was approximately 1.5 times higher than that in the long-elbow of L2 because magnitude of the pressure gradient in the short-elbow was much steeper than that in the long-elbow. Axial velocity gradually decreased in the short-and long-elbows due to the adverse pressure gradient in downstream part of the elbow. In S2 at developed inlet flow condition, axial flow once separated and soon attached on the inner wall and pressure recovered rapidly at the elbow outlet. On the contrary, axial flow in S2a at undeveloped inlet flow condition separated from the inner wall and adverse flow existed in the downstream of the elbow and low pressure was shown to lc/D~2 as reattachment point. As mentioned in Sec.3.3, the secondary flow on the transversal cross section was caused in the elbow due to the pressure difference on the transversal cross section. In S2 with developed inlet flow condition, the circumferential flow could easily be generated due to the small inertia area near the wall as the developed boundary layer near the pipe wall and the secondary flow was successfully formed on the transversal cross section. Although the axial flow separated in the elbow as shown in Fig. 10(b) , it soon attached on the inner wall owing to the developed secondary flow which could convey the fluid from the outer wall side region to the inner wall side region. In S2a with undeveloped inlet flow condition, axial flow occupied wide area on the cross section and thin boundary layer prevented the secondary flow development in the elbow. The weak secondary flow, therefore, couldn't convey the fluid from outer region to the inner wall side region. At the moment, the stream could separate from the wall and the separation bubble (30) with adverse flow could be formed. In the long-elbow of L2, the secondary flow could generate as the same mechanism in S2 so that flow separation didn't occur in the elbow. In short, the obvious flow separation could occur in the short-elbow (Rc/D=1) and not in the long-elbow (Rc/D=2). In the shortelbow, the separation bubble could continuously be formed at undeveloped inlet flow condition but it was intermittently formed at developed inlet flow condition.
High Reynolds Number Turbulent Flow Conditions in Post Critical Regime
Numerical conditions
Numerical simulations at high Reynolds number conditions in post-critical regime listed in Table 3 were conducted. Boundary conditions were employed from the 1/3-scaled water experiment simulating the hot-leg piping of the JSFR (2) . Diameter of the piping as test section was 0.41 m and the short-elbow (Rc/D=1) was installed. In the experiment, fluid pressure on the wall and axial velocity profiles at several Reynolds number conditions between 3.2x10 5 Table 3 and statistical analyses were done by using last 5,000
data at sampling interval of 10Δt.
Pressure loss coefficient of elbow
The pressure loss coefficients of the numerical results, experimental results and empirical equations in literature were compared to confirm adequacy of the numerical results. Total pressure loss coefficient of the elbow (ζ) is defined as follows (15) .
( )
P 0 is dynamic pressure and ΔP is the pressure drop of the elbow. P u and P d are pressures at l u upstream from the elbow inlet and at l d downstream from the elbow outlet, respectively. λ is friction factor of pipe.
Ito (15) proposed the empirical equation for total pressure loss coefficient of the elbow (θ=90 o ) as follows. 
Here, R is radius of pipe. This correlation can be used for 2x10 4 <Re<4x10 5 . Another correlation for the 90 o (=θ) elbow was proposed by Frried and Idelchik (16) using a friction factor formulation of the pipe (16) as follows. 
And ζ could also be estimated with the Pigott's equation (31) for the pressure loss coefficient of the elbow without friction loss and the friction factor of the elbow part (λ e ) by using λ in Eq. (7) as follows. 
Shiraishi et al. (2) measured the total pressure loss coefficient of test section (ζ t ) in the 1/3-scaled experiment. ζ t was estimated by the static pressure in upstream buffer tank and the pressure on the straight pipe at 4.25D downstream from the elbow outlet through the 5.76D long straight pipe with bell-mouth configured inlet in upstream of the elbow. Since P d in Eq. (3) for the total pressure loss estimation must be measured at more than 50D downstream from the elbow outlet to eliminate influence of the unsteady flow through the elbow (15) , ζ t obtained by the 1/3-scaled experiment was different from ζ in Eq. (2) and also the pressure loss coefficient estimated by the numerical results in a short domain. Therefore, modification coefficient of β (=ζ' / ζ) (15) was introduced in order to compare the coefficients among experiments, empirical equations in literature and numerical results. The ζ' is total pressure loss coefficient of the elbow in short l d in Eq. (3). Then, the coefficient ζ was modified to the pressure loss coefficient of the test section with β 1 =0.75 as follows. 
In Eq.(12), ζ 0 (=1.0) was contribution of dynamic pressure in the upstream buffer tank and ζ in (=0.02 as tentative) was of the bell-mouth configured inlet. λ is friction factor of pipe in Eq. (7).
Iwamoto et al. (32) also estimated the pressure loss coefficient of the elbow pipe ζ' t based on pressure difference between 3D upstream from the elbow inlet and 5D downstream from the elbow outlet in the 1/10-scaled experiment. The total pressure loss coefficient of the elbow ζ could be estimated by ζ' t with modification coefficient β 2 =0.76 (15) from the short domain and the friction loss of 8D long pipe as follows.
And then, ζ' t in the 1/10-scaled experiment could be compared with ζ t in the 1/3-scaled experiment after the modification with Eq. (11) and (14) Figure 11 shows total pressure loss coefficient of the test section in the 1/3-scaled experiment (2) in 3.2x10 5 <Re<8.0x10 6 and estimated coefficients from the 1/10-scaled experiment in 2x10 4 <Re<3x10 5 and those of the empirical equations. By the Coffield's experiment (22) , it was shown that the pressure loss coefficient of the elbow was not changed drastically in Re>10 7 , though the coefficient curve slightly decreased in the post-critical regime. The pressure loss coefficients of the 1/3-scaled experiment and those of the numerical results in Table 2 and 3 were located in between the estimation curves between the Idelchik's equation in Eq. (6) and the Coffield's experiment. Although the numerical results slightly underestimated the coefficients of the 1/3-scaled experiment, the adequacy of the numerical results in this paper was confirmed. Fig. 12(a-1) , time averaged data was only obtained in the 1/3scaled experiment and data in the 1/10-scaled experiment at Re=3.2x10 5 (3) was presented in Fig. 12(a-1) and (b-1). The time averaged axial velocity and fluctuation intensity of FA at Re=3.2x10 5 in 0.18D downstream from the elbow outlet as shown in Fig.12 (a-1) and (b-1) corresponded to both experimental results of 1/3-and 1/10-scaled experiments at Re=3.2x10 5 . In the 1/3-scaled experiment, radial profiles of the measured results at each Reynolds number condition in 3.2x10 5 <Re<3.7x10 6 also corresponded to each other. The numerical results as shown in Fig. 12 almost agreed with the experimental results and the similar axial velocity profiles were shown. Dependency on the Reynolds number was not distinctive in the time averaged axial velocity profile though a little difference appeared in the inner wall side region (r/D<-0.25) as in Fig. 12(a-2) in the numerical results.
Axial Velocity Profiles at High Reynolds Number conditions
Recirculation region was shown in 0.18D downstream of the elbow as in Fig. 12(a-1) , and the mainstream attached on the inner wall in front of 0.62D downstream of the elbow as in Fig. 12(a-2) . This was consistent with the experimental result that the separated flow attached on the wall in vicinity area to the position of 0.62D. In 1.12D downstream of the elbow as in Fig. 12(a-3) , axial flow profiles well corresponded to the experimental result. Figure 13 Fig. 13(a) , the numerical results of FS, FH and FN could predict the adverse flow in r/D<0.2 due to the flow separation in the elbow. In 0.62D downstream of the elbow as shown in Fig. 13(b) , the adverse flow already vanished and the local acceleration near the inner wall side (r/D~-0.4) could be reproduced.
Flow structure and pressure fluctuation generation
Unsteady large scale eddy structure appearing a horseshoe shape was identified around the separation region and they could be visualized by iso-surface contour of the second invariant of velocity gradient tensor Q s -2 defined by the following equations (8, 10) .
Here, D ij is shear strain tensor and W ij is rotation component. Figures 14(a) , (b) and (c) show instantaneous pictures of flow structure described by iso-surface contour of second invariant of velocity gradient tensor Q s -2 at a typical time step in FS, FH and FN. Q=8,000 s -2 is at V 0 =9.2 m/s as shown in Fig. 14. The similar large scale horseshoe eddy structure appeared in FS, FH and FN. The horseshoe shaped eddy structure also appeared in the unsteady Reynolds averaged Navier Stokes equation (URANS) simulation with the Reynolds stress model at the same conditions listed in Table  3 (8) . The axial velocity fluctuation intensity at around r/D=-0.25 in Figs. 12(b-1) , (b-2) and (b-3) was caused by passing of the horseshoe eddies. The pressure inside the horseshoe eddy was low and the pressure between the horseshoe eddies was high as shown in Fig.  15(a) . As movement of the horseshoe eddies by the stream, a significant cyclic pressure fluctuation could be induced in the pipe and on the wall surface. These flow patterns were consistent with those in the URANS simulation (8) . Figures 15 (a) and (b) respectively show the pressure fluctuation intensity on the pipe surface by the view from the pipe inlet and the circumferential profile of pressure fluctuation intensity in 0.5D downstream from the elbow outlet. Dotted lines show the locations at + 30 degrees from the bottom surface on the inner wall side. The pressure fluctuation intensity was high at around 0.5D downstream from the elbow outlet according to unsteadiness of the re-attachment point from moment to moment. At the +30 degrees as boundary of the recirculation flow region, pressure fluctuation intensity was high as shown in Fig. 15 (a) and (b) because of the horseshoe structure passage. Dominant frequency of the pressure fluctuation at +30 degrees in 0.5D downstream from the elbow outlet was at St=0.44～0.63 in numerical results and this was close to that of St=0.45 in the experiment (2) and also that of St=0.54 in the URANS simulation (8) . Kawamura et al., (20) clarified that the axial velocity fluctuation had a dominant frequency component of St=0.5 in the short-elbow at r/D=-0.3 and 45 degrees away from the bottom of the wall on inner side in 1D downstream from the elbow outlet. In the numerical simulation, the dominant frequency of the axial velocity fluctuation appeared at St=0.46～0.57 at the same position in the pipe.
The large-scale horseshoe-like eddy and also the unsteady secondary flow motion as shown in Fig. 9 (b-2) existed around the separation region formed in the downstream of the short-elbow. It could be conjectured that pressure fluctuation with dominant frequency at approximately 0.5 in strouhal number could be generated by the interaction between the large-scale eddy motion and the unsteady secondary flow motion in the short-elbow pipe.
Concluding Remarks
Numerical simulations for several pipe elbows in different pipe diameters and curvature radii at a laminar flow condition and several turbulent flow conditions up to Re=1.47x10 7 were conducted to investigate unsteady flow behavior through the short-elbow, including validation study of the in-house code MUGTHES. Though the simulations from a laminar flow condition to the high Reynolds number conditions, numerical schemes in MUGTHES were verified and applicability for the flow through the short-and long-elbows was confirmed. Fundamental characteristics of the flow structure in the short and long-elbows were clarified through the numerical simulations in relation between the pressure drop and the axial velocity transitions. And unsteady flow structure generation mechanism in shortelbow at turbulent flow condition was also discovered in comparison between the numerical results and the experimental results including empirical knowledge in literature. The secondary flow development and the flow separation formation in the elbow were much influenced by the velocity profile in upstream of the elbow and also the curvature radius. The flow separation could successively occur in the short-elbow pipe. In this numerical study, dependency of the flow pattern in the post-critical regime on the Reynolds number condition was small in the short-elbow pipe. Based on the numerical results, unsteady flow and pressure fluctuation generation in the short-elbow were characterized by the interaction of unsteady secondary flow and the large-scale horseshoe-like eddy motion in the elbow.
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